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Visualizing muscle cell migration in situ
Brian Knight*†, Christina Laukaitis*, Nasreen Akhtar‡, Neil A. Hotchin‡,
Magnus Edlund§ and Alan Rick Horwitz*§
Background: Cell migration has been studied extensively by manipulating and
observing cells bathed in putative chemotactic or chemokinetic agents on planar
substrates. This environment differs from that in vivo and, consequently, the cells
can behave abnormally. Embryo slices provide an optically accessible system for
studying cellular navigation pathways during development. We extended this
system to observe the migration of muscle precursors from the somite into the
forelimb, their cellular morphology, and the localization of green fluorescent protein
(GFP)-tagged adhesion-related molecules under normal and perturbed conditions.
Results: Muscle precursors initiated migration synchronously and migrated in
broad, rather than highly defined, regions. Bursts of directed migration were
followed by periods of meandering or extension and retraction of cell
protrusions. Although paxillin did not localize to discernible intracellular
structures, we found that a -actinin localized to linear, punctate structures, and
the a 5 integrin to some focal complexes and/or vesicle-like concentrations.
Alterations in the expression of adhesion molecules inhibited migration. The
muscle precursors migrating in situ formed unusually large, long-lived
protrusions that were polarized in the direction of migration. Unlike wild-type
Rac, a constitutively active Rac localized continuously around the cell surface
and promoted random protrusive activity and migration. 
Conclusions: The observation of cellular migration and the dynamics of molecular
organization at high temporal and spatial resolution in situ is feasible. Migration
from the somite to the wing bud is discontinuous and not highly stereotyped.
In situ, local activation of Rac appears to produce large protrusions, which in turn,
leads to directed migration. Adhesion can also regulate migration.
Background
Cell migration is central to such diverse phenomena as
embryonic development, tumor formation and spread,
inflammation and wound repair. There is therefore con-
siderable effort to understand, at a molecular level, the
complex and integrated cellular events that underlie
migration [1,2]. Much of what we know about cell migra-
tion comes from studies of tissue culture cells migrating
on planar substrates, which are often coated with a
uniform concentration of an extracellular matrix molecule.
Although useful experimentally, this environment differs
from that in vivo. The repertoire of soluble and matrix
components that are present in vivo and their organization
and concentrations are not known. The result is that cells
in culture often do not show highly directed migratory
behavior, and express adhesive and signaling components
that might not be present in vivo. Thus, it is not clear
which behaviors seen in culture reflect those in vivo, or
even whether the same signaling pathways are used. To
characterize cell migration in vivo, we studied the migra-
tion of cells in embryo slices. This optically accessible
system has been used previously for studying cellular
navigation pathways during development [3–5]. However,
our goal is to extend the slice system as an in situ alterna-
tive to the two-dimensional substrates commonly used for
cellular and molecular investigations of migration in vitro. 
For our initial studies, we have investigated the migration
of avian muscle precursors from the somite into the fore-
limb. A subpopulation of these cells from somites 15–21
migrates through the lateral mesenchyme to the base of
the limb bud [6–12]. The path then bifurcates; one popu-
lation migrates to form dorsal and the other to form ventral
clusters in the proximal limb bud. Once there, they cease
migration and differentiate into appendicular muscle. 
We used transverse slices from the forelimb region of
chick embryos (Figure 1). These slices continue to
develop almost indistinguishably from that in ovo. We
visualized specific cells by injecting DiI or cDNAs encod-
ing fusions with the green fluorescent protein (GFP) into
the lumen of the somite before slicing. Our conditions
label a small number of migrating cells per slice allowing us
to image individual cells without contaminating light from
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neighboring cells. We captured 16–24 hour sequences of
images using a sensitive three-dimensional imaging system. 
Using this technology, we characterized the migration
pathways at a high temporal resolution. We found that the
muscle precursors did not migrate continuously along
highly conserved pathways but underwent directed bursts
of migration followed by periods of meandering. At their
targets, the cells continued to extend and retract their pro-
trusions. We also found that, while cell migration in situ
had clear parallels with that observed in culture, the com-
ponent processes differed significantly in detail. Migra-
tion, for example, was initiated by the formation of a
relatively large and long-lived membrane protrusion, that
was polarized in the direction of migration. Using fusion
proteins between GFP and the small GTPase Rac, or
mutant versions of Rac, we found that these polarized pro-
trusions resulted from a localized activation of Rac. Over-
expression of a 5 integrin, paxillin or a -actinin inhibited
migration, suggesting a role for adhesion in regulating
migration in situ, as is seen in vitro [13]. Finally, GFP
fusions with focal-adhesion components, including the a 5
integrin and a -actinin, revealed the presence of cytoskele-
tal and adhesive organizations in situ. 
Results
Slices grow and develop in culture
Migration from the somites initiates between stages 15–16
and is completed in about 10 hours [6–12]. To see
whether the slices continued to develop during this time
interval, we observed the growth of slice cultures in time
lapse using phase-contrast microscopy. Several prominent
structures, including the dermomyotome, were easily
imaged in slices from embryos (Figure 2a,b). The der-
momyotome elongated and extended into the proximal
aspect of the lateral mesenchyme, and the wing buds grew
and expanded in size. The neural tube also expanded in
size; an occasional slice had neurite outgrowths that
extended into the lateral mesenchyme. Furthermore,
lumens developed within the kidney primordia, consistent
with tubule formation. Thus, the morphogenesis of the
slice was similar to morphologic changes associated with
development in the whole embryo [10].
The slices also expressed molecular markers of differenti-
ation in the same places as they do in ovo. Two markers of
myoblast precursors are the L4 [14] and 6b3 [15] mono-
clonal antibodies. They stain somitic cells, neural tissue,
notochord and kidney in the chick embryo, but do not
label fibroblasts or other mesenchymal cells. Both anti-
bodies stain the dorsolateral region of the somite from
stage 15 chicken embryos before the individualization of
the dermomyotome and the sclerotome, and continue to
stain the dermomyotome through stage 21 of embryonic
development. They also stain the premuscular region of
wing buds in stage 22–24 embryos, including somitic cells
when they reach their target location and initiate terminal
differentiation. Antibody labeling characteristics, using
either L4 (not shown) or 6b3 (Figure 2c,d), of slices cul-
tured for 20 hours were similar to those of stage 17 control
slices. The somite had elongated, and the dorsolateral
aspect was labeled with the 6b3 antibody. In some cul-
tured slices, 6b3 labeling of somites had begun to wane in
the medial aspect of the dorsolateral somite. Cells in the
wing bud were rarely labeled. Cultured slices that con-
tained motor neurons showed neurite outgrowth to the
base of the limb bud. The nephrogenic ridge of cultured
slices was of comparable size to control, stage 17 embryos.
These results demonstrate that the labeling characteristics
of the cultured slice with both L4 (not shown) and 6b3
antibodies are similar to those of the control slices.
Somitic cell migration begins at late stage 15 and is com-
pleted within 8–12 hours. At this time, a subpopulation of
muscle precursors has migrated to the dorsal and ventral
muscle mass positions in the wing bud. To demonstrate
similar migration in the slices, somites in stage 14 chick
embryos were microinjected, at the level of the wing bud,
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Figure 1
(a) Schematic illustration of a stage 14 chicken embryo, depicting the
placement of microinjections into the lateral aspect of the somite. NT,
neural tube; DA, dorsal aorta; CC, coelomic cavity. (b) Embryo slicing.
An explant that includes somites 16–21 is harvested from stage
15–16 chicken embryos. The explant is then sliced 200–300 m m thick.
The arrows on the slice represent the migratory path of somitic cells to
a dorsal and ventral target location in the limb bud in stages 16–18.
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either with DiI or a cDNA encoding GFP. The labeling
was adjusted such that a relatively small population of
cells was labeled, as this facilitates imaging of individual
cells; 18 hours after injection, 200–300 m m transverse
slices were cut in the region of the injection to include the
developing somite and limb bud and mounted on a micro-
scope stage. Images were captured every 5–10 minutes for
24 hours. Migrating cells tended to track towards dorsal
(Figure 2h, pathway A to B to C) and ventral target loca-
tions (pathway A to B to D) in the limb, and those that
ceased migration did so in the appropriate dorsal and
lateral positions (Figure 2e–h). 
Migration of somitic cells is discontinuous and not
spatially stereotyped
DiI- or GFP-labeled myogenic precursors in the epithe-
lium of the dermomyotome were seen initially as clusters
of pallisading, tall columnar cells in the dorsolateral aspect
of the dermomyotome (Figure 2h, region A; Figure 3b,c).
They appeared to loosen their interactions, as seen by a
‘jostling’ of adjacent cells. This was followed by the
abrupt and synchronous production of long protrusions
from the apical aspect of the cells (Figure 3d,e). 
Somitic cells migrate through the lateral mesenchyme to
the limb bud. As shown in Figure 4, the rate of migration
varied greatly. Bursts of rapid, directed migration were fol-
lowed by periods of apparent meandering in which the
rates of migration were slower. In this meandering phase,
the net translocation was not directed, as the cells mean-
dered away from their targets and then eventually
returned to them as if searching for the path. Most cells
migrated at speeds of 10–20 m m/hour, which corresponds
to the speeds of meandering cells. A smaller number of
cells migrated at speeds greater than 60 m m/hour, which
corresponds to the bursts of rapid directed migration. At
their targets, the cells continued to extend and retract a
dominant protrusion but showed little, net translocation. 
The pathways of individual cells traversing the lateral
mesenchyme were similar but were not tightly conserved
(Figures 2g and 4). The meandering phases differed
greatly among cells and could take them well off the initial
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Figure 2
Development of the embryo slices. (a,b) Phase-contrast image of a stage
16 embryo slice (a) immediately after harvest and (b) after 12 h in
culture. Highlighted regions show where the dermomyotome (DM)
thickness and length increased, the limb bud expanded, and the kidney
primordia and neural tube (NT) increased in diameter. Additionally, the
kidney primordia developed two more tubules. (c,d) Fluorescence
micrograph of a (c) stage 17 control embryo slice and (d) late stage 15
embryo slice cultured for 16 h. Both were stained with an antibody to
N-cadherin. The dermomyotome frequently splits artifactually in freshly
sliced and stained control slices. Note that N-cadherin labeling of the
dermomyotome, neural tube, notochord and kidney primordia was similar
between the control and cultured embryos. (e,f) Fluorescence
micrographs from two separate DiI-labeled stage 16 embryo slices that
had been imaged for 15–16 h in culture. Somitic cells had migrated to
the dorsal (regions 1 and 4) and ventral (region 2) target locations in the
limb bud. The movies (see the Supplementary material) compiled from
time-lapse images of the slice represented in (e,f) demonstrate that the
out-of-focus cells between regions 1 and 2 have not yet completed
migration. Some labeled cells migrated to the lateral flank to form
musculature of the trunk (region 5). Because DiI was microinjected into
the somitocele, scleratome cells were also labeled (region 3).
(g) Graphical representation, when the cell tracks are translated to a
common origin (0,0), of a segment of the migration pathway for two cells
in (e) migrating to the ventral muscle mass (region 2). Coordinates,
which approximate centroid of the cortex, that is, the dominant bright
area, were measured at 10 min intervals. The cells began migrating from
slightly different locations at the limb base adjacent to the dorsal muscle
mass target (region 1). Note the complex pathway traversed by migratory
somitic cells and their tendency to meander after they reach their
endpoints. (h) Simplified representation of the pathway by which somitic
cells migrate into the limb bud. The migrations illustrated began near
location B and ended near location D. These data were compiled from
experiments performed on different days. The scale bar represents 50 m m.
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path. As cells strayed from the initial, highly directed
pathway, they slowed and began to meander as if trying to
rediscover the path. Some cells circled around again, as if
trying to find their way. Thus, there appeared to be a
region that was more permissive for migration (Figures 2h
and 4). When cells migrated to the border of this region,
they entered a meandering phase. 
Migrating cells in situ display an exaggerated migratory cycle
Migrating cells in situ displayed the same basic cycle of
processes described previously for fibroblastic cells migrat-
ing in vitro. Nevertheless, in the slices, these processes
were highly polarized and greatly exaggerated, and could
therefore be readily observed and distinguished. Migra-
tion from the somite initiated with the formation of a
large, dominant, long-lived protrusion into which the
cortex moved (Figure 3d–g). Retraction at the rear culmi-
nated, in some cells, in a clearly defined and rapid release,
or snapping (Figure 3h,i). 
The formation of a large, long-lived protrusion before
movement of the cortex was particularly striking and
unlike fibroblastic or mesenchymal cells migrating in vitro
(Figure 3d,e,h). The protrusions could extend up to 50 m m
and persist for 90 minutes. The average length was 20 m m
and each protrusion persisted, on average, for 50 minutes.
Filopodia were often seen as fine, hair-like projections
emanating from the protrusion (not shown). They were
typically 5–10 m m long and persisted for about
5–10 minutes. The protrusion, once formed, could also
move laterally, as if sensing, but then stabilized before the
cortex moved into it. The formation and retraction of pro-
trusions were also seen for extended periods of time in
cells that were ‘resting’ following a burst of migration.
Thus, essentially all of the labeled cells (>90%) showed
dominant and long-lived protrusions, although those on
cells that were either meandering or at their targets might
not persist as long or be as large. Therefore, the formation
of a protrusion is not, in itself, sufficient to initiate or
sustain migration. In fact, protrusive activity was a common
feature of these cells, whether or not they were actively
translocating. Either stabilization of the protrusion, or
movement of the cortex, appeared to initiate translocation. 
The in situ environment determines migration parameters
The exaggerated migration cycle contrasted with observa-
tions of somitic cells migrating out of the slices. In some
experiments, a population of individual cells migrated out
of the cut section of the slice onto the coverslip or other
cells that had already migrated out of the slice. As the cell
began to leave the slice, the protrusive activity, morphol-
ogy and migration parameters changed suddenly and dra-
matically. Long, polarized and stable protrusions were no
longer observed (Figure 3m–o). Instead, they were short
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Figure 3
Somitic cell migration within a slice and on a
coverslip. (a) Phase-contrast micrograph of
an embryo slice (stage 16) immediately after
harvest. (b–l) Montage of time-lapse,
fluorescence micrographs obtained from the
field shown in (a). Time is shown in min.
Somitic cells labeled with DiI (see Materials
and methods) had an epithelial appearance at
the onset of image acquisition. Frame (b) is
the frame before the first detectable change in
somitic cell morphology that suggests a
mesenchymal transition (Figure 2h, region A).
Within 25 min, a cell near the top of the frame
exhibited a long protrusion. The subsequent
frames depict the migration of a somitic cell to
the dorsal target region of the wing bud. This
migration corresponds to movement from
region A to B to C in Figure 2h. A cut section
of the wing bud was in contact with the glass
coverslip of the culture well. After the somitic
cell on the lower left had reached the wing
bud, it continued to migrate out of the slice
and onto the glass. The top cell in (j) also
migrated out of the field onto glass, then
returned. Note the round appearance and
lack of large protrusions as the cell migrates
out of the slice, which begins in (l).
(m–o) Continuation of the previous frames
after the somitic cell has migrated out of the
slice. The field of view has been changed to
show more clearly the somitic cells out of the
slice and, therefore, the geometry of the
image no longer corresponds to that of the
previous panels. The top cell in (m)
corresponds to the top cell in (j), and the
bottom cell in (m) corresponds to the bottom
cell in (j). (p) Graphical representation of the
migratory path traversed by the bottom cell in
the previous montage. Images were collected
at 5 min intervals but, for clarity, the circles
correspond to 15 min intervals. Note the
abrupt change in the pathway complexity after
the cell exits the slice (at the arrow). The scale
bar represents 50 m m.
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(generally <5 m m), not polarized, and tended to extend and
retract in about 5–10 minutes (Table 1). Changes in cellu-
lar morphology and migration parameters accompanied the
change in protrusiveness. Somitic cells migrating on glass
were morphologically more compact than when in the slice
(Figure 3m–o). They also appeared to migrate faster and
without a clear sense of direction (Figure 3p; Table 1). 
Thus, the unusual properties of cells migrating in the
slices are not intrinsic to this particular cell type; more
likely, they arise from either their interaction with the
substrate or the environment of soluble factors within the
slice. We attempted to distinguish between these alterna-
tives by immersing the slices in a medium containing 15%
fetal calf serum. Interestingly, the serum had little effect
on the protrusions, migration rates or pathway (Table 1);
however, the cells divided more frequently (data not
shown). While this does not rigorously distinguish the rel-
ative contributions of substrate versus soluble environ-
ment, it does suggest that the substrate plays a role. 
Adhesiveness regulates migration in situ
Studies of migration in vitro show that migration rates are
highly tuned to an optimum in cell adhesiveness. Relatively
modest alterations in the concentration of the extracellular
matrix ligands, integrin receptors, or focal-adhesion mole-
cules significantly alter migration rates [13,16–18]. It is
unclear whether this mechanism pertains to cells migrating
in vivo. The concentration of different integrin receptors
in vivo are likely to differ from those in vitro, and the con-
centration of the extracellular matrix in vitro is not homoge-
neous and may not be at the optimum for migration [19,20].
Therefore, we investigated whether migration in situ is
sensitive to the expression levels of focal-adhesion compo-
nents by using ectopically expressed GFP fusion proteins,
which served both to label the transfected cells and allow
us to observe their organization. Fusion proteins between
GFP and a 5 integrin, a -actinin and paxillin all localized to
focal adhesions in chinese hamster ovary (CHO) cells
in vitro, and the a 5 integrin–GFP fusion rescued the non-
adhesive phenotype of CHO B2 cells that are deficient in
a 5 integrin (data not shown). Ectopic expression of either
a -actinin–GFP or a 5 integrin–GFP inhibited migration
in situ (Table 1). Although the cells continued to produce
580 Current Biology Vol 10 No 10
Table 1
Characteristics of migrating cells.
Average speed (m m/h) Mean protrusion length (m m) Mean duration (min) Polarity
Non-migratory somitic cells N/A 15 (± 7) 33 (± 14) +/–
Migratory somitic cells 37 (± 15) 20 (± 9) 50 (± 19) +
Somitic cells on glass 46 (± 17) < 5 8 (± 3) –
a 5 integrin N/A 17 (± 5) 27 (± 10) +/–
a -actinin N/A 16 (± 5) 27 (± 7) +/–
Paxillin (low expression) 6 (± 3) 17 (± 3) 31 (± 5) +
Paxillin (high expression) N/A 13 (± 3) 26 (± 4) +/–
Wild-type Rac N/A 11 (± 3) 47 (± 26) +/–
Dominant-negative Rac N/A N/A N/A +/–
Constitutively active Rac N/A 8 (± 3) 13 (± 7) –
Serum 27 (± 14) 21 (± 8) 45 (± 16) +
N/A, cells did not move during the observation period; +, protrusions only formed in the third of the cell closest to the target location;
+/–, protrusions formed primarily in the third closest to the target location; –, protrusions arose from any location around the cell. 
Figure 4
Graphical representation of the migration path traversed by five somitic
cells, each from a different, independent experiment. The graph plots
the approximate centroid of the cortex, that is, the centroid of the
dominant, bright area, as this approximates the perinuclear region. The
cell tracks were translated to begin at a common origin designated
(0,0). The endpoints are marked by a large dot; the coordinates are:
red, (–4, 45); yellow, (–10, 36); green (–23, 40); black (35, 10); and
pink, (28, –7). Each point corresponds to a time interval of 5 min. Note
the complexity of the pathways. This plot also shows that the rate of
migration decreases when the migration is less directed.
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long, directed protrusions emanating from a cell apex, the
protrusions did not stabilize but, instead, extended and
retracted continuously (data not shown). Consequently,
these cells did not migrate out of the dermomyotome. 
Cells expressing ectopic paxillin fell into two categories.
The very dim cells, which expressed relatively less paxillin,
showed somewhat reduced protrusion length, but normal
protrusion frequency and polarization (Table 1). Although
the cells did migrate out of the somites, and showed normal
directionality, the migration rates were reduced to an
average of 6 m m/hour with a maximum of 18 m m/hour. The
brightest cells, which expressed high levels of paxillin, did
not migrate. They remained in the dermomyotome and
continued to extend and retract protrusions. Thus, adhe-
siveness appears to modulate migration rates; but it does
not do so via major alterations in protrusiveness.
Interestingly, a 5 integrin–GFP and a -actinin–GFP local-
ized to clearly discernible structures (Figure 5). This is sur-
prising as organized adhesive structures have only been
reported in highly differentiated cells like epithelial cells
and muscle. The organization was particularly striking for
a -actinin (Figure 5a,b). It appeared prominently along the
edge of the cell and in periodic, stress-fiber-like structures in
the four cells that expressed a -actinin–GFP brightly enough
(from a sample of 10 cells) for it to be imaged clearly. The a -
actinin spacing in three different cells averaged 1.5 ± 0.4 m m.
This is consistent with the periodicities of 1–2 m m reported
in rat embryo cells and fibroblasts [21–23]. The a 5 integrin
fusion protein was not as highly organized; its localization
was not completely diffuse, however. Instead, small, orga-
nized complexes were apparent, especially at the base and
ends of protrusions (Figure 5c). We also saw a bright, perin-
uclear localization that was somewhat punctate (Figure 5c).
These organizations could arise from either adhesion com-
plexes or integrin-containing vesicles, as both were promi-
nent in cells expressing the a 5 integrin in culture (data not
shown). We saw this over a range of expression levels, that
is, in both dim and bright cells, suggesting that these struc-
tures are normally present in situ. In contrast, however, we
did not detect organized paxillin.
Rac and polarized protrusions
As described above, migration was preceded by the forma-
tion of long, highly polarized protrusions into which the cell
cortex moved. As the small GTP-binding protein Rac regu-
lates protrusive behavior in vitro [24], we assayed its role in
generating these polarized protrusions. We expressed fusion
proteins between GFP and the following forms of Rac:
wild-type Rac1 (GFP–WT-Rac), constitutively active Rac
(GFP–L61Rac), and dominant-negative Rac
(GFP–N17Rac). In human keratinocytes, all three fusion
proteins localized to sites of cell–cell adhesion, as described
for other epithelial cell types [25]. In addition, expression of
constitutively active Rac in keratinocytes induced extensive
membrane ruffling, and it localizes to these structures.
Dominant negative Rac inhibited serum-stimulated mem-
brane ruffling, but not filopodia formation, indicating that it
inhibits pathways involving Rac but not Cdc42 [26]. 
Expression constructs encoding these fusion proteins were
introduced into embryos, which were then sliced after
12–16 hours and filmed for an additional 8–12 hours. We
first ectopically expressed dominant-negative Rac to
determine whether these protrusions were in fact regu-
lated by Rac (Figure 6b). The formation of large, long-
lived protrusions was inhibited (Figure 6b, Table 1). The
frequent production of fine filopodia was not inhibited,
however. Dominant-negative Rac inhibited migration as
well. The transfected cells moved no more than 1–2 cell-
body lengths from their origins in the dermomyotome. In
some cells, the dominant-negative Rac fusion protein dis-
played a distinct perinuclear localization. 
The wild-type Rac1 fusion protein inhibited migration at
high levels (the brightest cells), but had no measurable
effect on polarized protrusive activity (Figure 6a, Table 1).
Cells expressing GFP–WT-Rac continued to extend and
retract protrusions. They were neither as large nor as long
lived as untransfected cells; however, they did remain
polarized and emanated from the end of the cell that leads
to the target. Although present throughout the cell,
GFP–WT-Rac concentrated in regions including those
where there was protrusive activity (Figure 6a). Regions in
which GFP–WT-Rac was not obviously concentrated
were not protrusive. 
These observations point to a role for Rac in migration by
initiating protrusive activity. We next determined
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Figure 5
Fluorescent micrographs of somitic cells expressing a -actinin–GFP or
a 5 integrin–GFP. (a) A single optical section from a deconvolved
stack of images. The image was obtained from a cell in an embryo slice
expressing a -actinin–GFP and demonstrates the punctate organization
of the a -actinin. (b) A volume-rendered series of images, viewed edge-
on (x–y plane), from a reconstructed z-stack of deconvolved images of
a somitic cell expressing a -actinin–GFP. Note the stress-fiber-like
periodicity of the localization. (c) A single optical section from a
deconvolved stack of images from a cell in an embryo slice expressing
a 5 integrin–GFP. Note the perinuclear, vesicle-like staining, the
presence of a highly organized structure at the base of the bifurcated
protrusion, and the concentration in the tip of the fork in the bifurcation.
The scale bar in (a) represents 10 m m.
(a) (b) (c)
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whether local activation of Rac might generate polarized
protrusions. To investigate this possibility, we ectopically
expressed constitutively active Rac (Figure 6c). This pro-
duced more frequent formation and retraction of protru-
sions than cells expressing wild-type Rac. In addition, the
protrusions appeared randomly without any obvious
polarity. As a consequence, the cells showed random
rather than directed migration and made little net
progress away from the start site (Figure 6c, Table 1).
GFP–L61Rac localized differently from the other Rac
fusion proteins. It was prominent along the entire
plasma membrane as seen in an edge-type localization,
with no other areas of concentration evident (Figure 6c).
Thus, the isotropic localization of GFP–L61Rac at the
membrane appears to inhibit the formation of polarized
protrusions. This points to a role for the local activation of
Rac in generating polar protrusions and directed migration.
Discussion
Our goal was to develop a versatile in situ system that is
readily accessible to microscopic observation in order to
elucidate the mechanisms of directed cell migration and
observe the organization and dynamics of cellular con-
stituents. Using 200–300 m m tissue slices from avian
embryos, either pre-transfected with cDNAs encoding
GFP fusion proteins or injected with DiI, we have, first,
imaged individual cells as they undergo a putative epithe-
lial to mesenchymal transition in the somites and then
migrate to their targets in the limb; second, imaged the
organization and dynamics of molecules within these
migrating cells; third, demonstrated that alterations in the
concentrations of focal-adhesion components regulate
migration; and, fourth, implicated local Rac activation in
directed migration. Thus, in many respects, we could reca-
pitulate in the slices the cellular and molecular observa-
tions usually reserved for cells in culture. Although we
used slices from avian embryos, studies of migration in
adult tissues and in other species appear equally feasible.
For example, one should be able to observe molecular
organization and dynamics and the migration of cells
involved in tumor formation and invasion, wound repair,
inflammatory responses, and other developmental phe-
nomena in both normal cells and in cells expressing trans-
genes or with targeted genes inactivated. It should also be
feasible to image the localization and dynamics of mol-
ecules not only implicated in migration but also in other
fundamental cellular processes. 
A major observation in this study was that migration in situ
can differ from that observed in culture. The relatively
exaggerated length, polarity, temporal persistence, and
apparent sensing function of the protrusions, for example,
are not seen under typical conditions in vitro. The clearly
discernible movement of the cell cortex into the protru-
sion is also not seen in culture. This differs greatly from
the ‘gliding’ behavior of keratocytes, for example, and pro-
vides an assay for studies of its mechanism. The pattern of
migration that we observed also differs from that in
culture. Bursts of directed migration were followed by
long periods of meandering or protrusive activity. The
migration path corresponded better to a broad region than
to a closely defined pathway. The role of the cellular envi-
ronment in situ is clearly apparent when the cells migrate
out of the slice onto the substratum. Their morphology,
protrusive activity and migration all changed dramatically. 
Two recent studies compared migration on two-dimen-
sional substrates with that on three-dimensional substrates.
Neutrophils show a contact guidance. Apparently they gen-
erate traction using lateral pseudopods inserted into
footholds, and squeeze through lattice openings when
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Figure 6
Fluorescence micrograph of somitic cells within an embryo slice that
are expressing GFP–Rac fusion proteins. (a) GFP–WT-Rac
expression. The initial frame shows GFP–WT-Rac localization adjacent
to the cell membrane of the somitic cell. After 15 min, a protrusion
began to develop adjacent to a region with fusion protein localization.
During the subsequent 15 min, the protrusion continued to extend
(arrow). (b) Montage of images of a somitic cell within an embryo slice
expressing GFP–N17Rac over a 10 min interval. Note that the cell
began producing a narrow protrusion (filopodia, arrow) in the left
frame; 5 min later, the protrusion had reached its maximal length of
approximately 10 m m in the middle frame and had completely collapsed
in the final frame. (c) A montage of images of a somitic cell, within an
embryo slice, expressing GFP–L61Rac. These cells produced
numerous protrusions emanating from all surfaces of the cells and thus
lacked polarity. Protrusions were rapidly formed and lost, as is
demonstrated in the 5 min interval between the left and middle frame.
Note that GFP–L61Rac localized to the plasma membrane, which is
evident by the edge-like localization at the top of the cell in the right
frame of the montage. Optical sections from all of these cells show this
edge-like localization. The scale bar represents 10 m m.
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migrating through amniotic membranes [27]. Cells migrat-
ing in three-dimensional collagen gels assume a highly elon-
gated and bipolar morphology and show a reversing type of
guided movement [28]. Although we cannot rule out guided
movement over short distances, the migration of the somitic
cells did not show a clear bidirectional migration pattern.
We also did not see any indication of footholds or move-
ment through narrow lattice openings. Presumably, the
loose mesenchyme of the limb differs from that of three-
dimensional collagen gels and the amniotic membrane.
It seems likely that the molecular details underlying motile
mechanisms will also differ when studied in situ. Adapta-
tion to culture often alters the expression of integrins, for
example, and likely alters expression of signal transduction
receptors as well, since the growth factor environment in
situ differs from that in culture [19,20]. Thus, the signaling
pathways that are activated in migrating cells in situ are
likely not those activated in culture. We are now in a posi-
tion to ask what those pathways are and what are the rele-
vant mechanisms that contribute to migration. 
Although we have emphasized the differences between
migration in situ and in culture, there are also clear paral-
lels. The basic migratory cycle — an initial extension, for-
mation of stable attachment of the leading edge, cortical
movement, and release at the rear — described previously
for fibroblasts and related cells growing in culture is reca-
pitulated, albeit exaggerated, in situ. The studies pre-
sented here offer some insights into its regulation and role
in migration. For example, while protrusive activity was
required for migration and its polarization appeared to
determine the direction of migration, the onset of protru-
sive activity was not sufficient to initiate or sustain migra-
tion. We observed protrusive activity long before cortical
movement, which appeared to respond to another cue.
Resting cells that had left the dermomyotome also showed
continued protrusive activity but little cortical movement
or net migration. Thus, it appears that the formation of
stable adhesions and/or cortical movement is regulated
independently and required for migration. 
Although the large, long-lived protrusions produced in
situ are not normally seen in culture, they appeared to be
similarly regulated by Rac. Dominant-negative Rac inhib-
ited their formation. More interestingly, ectopic expres-
sion of a constitutively activated Rac localized to the
membrane isotropically and produced protrusions ran-
domly about the entire circumference of the cell. This
suggests that the polarity of the protrusions originates
from a local activation of Rac, perhaps in response to a
local, extracellular cue. Recent studies with Dictyostelium
show that chemoattractants induce the transient appear-
ance of binding sites for pleckstrin homology (PH) domain-
containing proteins [29,30]. In a gradient, these binding
sites are oriented in the direction of the chemoattractant. In
this context, the PH domain is also required for the local-
ization of TIAM1, an activator (GEF) for Rac, to the
lamellae of migrating cells [31,32]. 
It is clear from many studies that cell migration depends on
a complex interplay between members of the Rho family.
For example, in macrophages, Cdc42 regulates polarity in
response to a chemotactic signal, and migration towards the
signal depends on activation of Rac and Rho [33]. Simi-
larly, during wound healing, polarity is determined by
Cdc42, while the actual closure of wounds requires both
Rac and Rho activity [34]. The exact way in which activity
of these GTPases is coordinated is a matter of some dis-
cussion. In Swiss 3T3 fibroblasts, activation of Cdc42
results in rapid activation of Rac, which in turn can acti-
vate Rho, albeit over a longer time period [24,35,36]. This
has led to the concept of cell migration being controlled
by a GTPase cascade [37]. More recent evidence from
other cell types suggests that inactivation of either Cdc42
or Rac inhibits Rho [38,39]. Given these apparent contra-
dictions from different in vitro systems, it will be of inter-
est to analyze the relative contributions of Rho family
members in our in situ setting.
A number of previous studies have shown that cells in
culture migrate optimally within a relatively narrow range
of adhesiveness [13,16–18]. Variations in substrate concen-
tration, receptor concentration and affinity, and expression
levels of focal-adhesion components all affect migration
rates dramatically. They appear to regulate migration
in situ as well because ectopic expression of a -actinin, pax-
illin, or the a 5 integrin all inhibited migration. These inhi-
bitions are likely to have arisen from effects on rear release
or formation of stable attachments as they did not produce
major alterations in protrusive activity. The ‘snapping’
seen in some cells as they retract at the rear following cor-
tical advance is characteristic of cells migrating on a sub-
stratum of relatively high density or affinity [40–42]. This
suggests that the cells encounter areas of relatively high
adhesiveness in situ. The presence of organized adhesions
that contain a -actinin and the a 5 integrin support this
suggestion. While it is possible that these organized struc-
tures result from ectopic expression, the degree of organi-
zation does not appear to correlate with the expression
level. The prominent, organized a 5 integrin at the base of
some protrusions is interesting. It could result from either
organized adhesions or integrin containing vesicles, as
both are seen in culture. The possible presence of inte-
grin-containing vesicles is intriguing as they have been
proposed to play a major role in migration [43,44]. 
These studies point to the feasibility and importance of
studying cells in their in situ environment, not only to
understand navigation pathways during development
but also to investigate the underlying molecular mecha-
nisms [45]. We have observed exaggerated cellular
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behaviors as well as the dynamics and organization of
adhesion-related molecules in situ. Thus, using optically
accessible systems like this to address fundamental cell
biological questions in a variety of normal and pathologic
processes appears promising. These systems should also
be useful in drug screening, toxicology testing, and other
related applications. 
Materials and methods
Embryo staging and microinjection
Eggs were opened into 100 mm Falcon petri dishes; 10% India ink in
PBS was injected into the yolk under the embryos (to better visualize
the embryo), which were then incubated at 37.5°C with 2.5% CO2.
Embryos with 19–22 somites were microinjected with a 1:20 dilution
of 0.5% DiI in ethanol (0.5% weight/volume) in embryo media. For
transfections, approximately 20–50 nl of a 4:1 ratio of TransFast
Reagent (Promega) to DNA in 200 m l embryo media was injected into
the somitocele of somites 17–19 (Figure 1a). Embryos were then incu-
bated in 2.5% CO2 at 37°C until they had 30 somites (12–16 h). 
Fusion proteins
The GFP–Rac expression vectors were generated by linking GFP from
pCdc2MmGFP [46] to the amino terminus of wild-type, N17 and L61
Rac1 [24] using a –GGGS– linker [26]. Their biological activity was
confirmed by microinjection of Swiss 3T3 fibroblasts and MDA-MB-
231 epithelial cells. Intracellular localization of the GFP–Rac1 con-
structs paralleled previously published data using Myc-tagged Rac1
fusion proteins [47]. Genes encoding a 5 integrin–GFP and
paxillin–GFP were cloned into the pEGFP-N3 expression vector (Clon-
tech) using the KpnI site; this created a 10 amino acid linker
LQAGPGSIAT between each gene and GFP. The construct encoding
a -actinin–GFP consists of human a -actininI cloned into the HindIII site
of the pEGFP-N1 vector with the linker RILQSTVPRARDPPVATMV.
The functionality of each construct was confirmed in stably transfected
CHO B2, CHO K1 and/or NIH 3T3 cells. All probes colocalized with
their respective antibody stain and with vinculin staining in focal adhe-
sions. The a 5 integrin–GFP fusion protein rescued the non-adhesive
phenotype of CHO B2 cells on fibronectin and localized in focal adhe-
sions. The paxillin–GFP probe enhanced the proliferation of myoblasts,
as reported for native paxillin [48]. Expression of these probes did not
significantly change the migration rates of the transfected cells when
compared to rates measured for CHO K1 cells transfected with GFP
alone. Expression of a -actinin–GFP increased the adhesion of trans-
fected cells at low fibronectin substrate concentrations in a manner
consistent with previous reports of decreased migration into a wound
by a -actinin-overexpressing 3T3 cells [17]. 
Slicing
Embryos were harvested 12–16 h after microinjections. The trunk was
severed at the junctions of somites 15–16 and somites 20–21
(Figure 1b) and placed in PBS at 4°C. The associated connective
tissue and viscera were removed. The explants were transferred to
embryo media (Ham’s/F12 with 5% fungizone, 4 mM glutamine, 1 mM
sodium pyruvate, 50 U/ml penicillin and 8 mg/ml streptomycin) at 4°C
and placed in a histopathology mold containing 5% Sigma Type IX
agar dissolved in embryo media at 35°C, which was then chilled to
4°C. The block was removed from the mold and sliced with a
Vibratome. Agar strips containing slices were transferred to a petri dish
containing embryo medium (Figure 1b). An 18 mm diameter hole was
made in the center of a Falcon 35 mm petri dish, and a 25 mm (#1)
coverslip was attached with optical adhesive (Norland). Approximately
10 slices were arranged against the glass coverslip, and the slices
were layered with molten 1% NuSieve GTG Agarose dissolved in
embryo media and chilled to 4°C; 3 ml embryo media were then added
to the culture dish, which was overlaid with 2 ml mineral oil. In one
group of experiments, 15% fetal bovine serum was added to the 1%
agar and the embryo medium. See [49] for additional details.
Imaging
Images were acquired with an Olympus IX-70 inverted microscope
fitted with a cooled CCD camera (Photometrics CH250). The micro-
scope was also equipped with a Ludl motorized XYZ stage and heating
insert. Phase and fluorescence illumination were regulated by elec-
tronic shutters. Image acquisition and processing used Inovision soft-
ware. The modified petri dish, with nine individual embryo slices, was
placed into the warming block of the LEP. A field in each slice was
selected that retained slice morphology and had fluorescently labeled
somitic cells in the dorsolateral aspect of the somite. In a typical experi-
ment, 90–95% of the slices from DiI-injected embryos and 75–80% of
the slices from cDNA-injected embryos displayed appropriate labeling.
From the nine slices, one or two generally demonstrated appropriate
migration to the limb bud. The other slices were not used; the cells
either migrated to the lateral flank, presumably to form trunk muscula-
ture, or did not migrate at all. The slices were illuminated either with a
mercury or halogen lamp. A Chroma endow and rhodamine/TRITC filter
cubes were used to observe GFP and DiI, respectively. Fluorescent
images were recorded from each field every 5 or 10 min using a 20 ·
(0.4NA) objective. Images were typically captured over 16–20 h using
0.05–0.20 sec (max) exposures. GFP fusion proteins were localized
using a 40 · (0.75NA) objective. 
The time-lapse movies were screened for cells that migrated to the limb
bud. Their trajectories were determined by estimating the centroid of
the cell’s cortex, that is, the (perinuclear) area of brightest fluorescence
intensity at each 5 or 10 min time point. The graphical representations
of these data show the position of the centroid at each of the fixed time
points. It begins at an arbitrary zero and reflects the direction and the
speed of the migration. Protrusion lengths were measured as a straight
line from the centroid of the cell to the visible tip of the protrusion. The
width of the protrusion was measured at the midpoint. The mean dura-
tion of the protrusion was estimated from the time at which a protrusion
formed until it either retracted or the cortex moved into it. The cortical
advancement was determined by measuring the movement of the
cortex at the base of the protrusion between adjacent frames. Organi-
zation of a -actinin and a 5 integrin was observed by deconvolving a
z-series taken with 0.2 m m or 0.25 m m z-steps, respectively, using the
constrained iterative method [50]. 
Antibody labeling
Non-injected embryos were sliced and cultured on glass coverslips, as
described above, for 16 h. Stage 16, 17 and 18 control embryos were
harvested from the egg and sliced as described above. All slices were
then washed in Kreb’s buffer with 13.6% sucrose for 15 min and fixed
in Kreb’s buffer with 13.6% sucrose containing 4% paraformaldehyde.
The slices were washed with PBS and blocked with 10% goat serum
in PBS for 1 h at room temperature; 10 m g/ml L4 or 6b3 antibody in
PBS with goat serum (5%) was layered over the slices and incubated
at room temperature for 1 h. The slices were then incubated for 1 h in
2.5 m g/ml secondary antibody in PBS with goat serum (5%). 
Supplementary material
Supplementary material including movies and additional methodological
detail is available at http://current-biology.com/supmat/supmatin.htm.
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